nature neurOSCIenCe a r t I C l e S The vibrissa motor cortex (VMC, Fig. 1a ) is a cortical vibrissa representation originally identified by a variety of stimulation techniques [1] [2] [3] [4] [5] [6] [7] [8] . The huge size of this representation possibly reflects the great ecological relevance of vibrissa movements for rats 9, 10 . In contrast to classic studies on primate primary motor cortex (M1) activity 11, 12 , VMC activity is only weakly correlated with movement [13] [14] [15] [16] . It is not entirely clear why the correlation between whisker movement and VMC activity is weak, but we note that most of what we know about VMC activity during whisking comes from recordings in animals simply whisking in air [13] [14] [15] [16] . Studies on primate motor cortex have shown that, besides the musculotopic representation of body movements 12, 17, 18 , the motor cortex might also represent a map of ecologically relevant behaviors 19 . Information about VMC activity during self-initiated, ecologically relevant behaviors is still limited, and it remains unclear how VMC contributes to motor control during such behaviors. This prompted us to pose several questions about VMC function: How is the activity of the VMC 'output layers' 8 modulated when rats engage in various ecologically relevant whisking behaviors? What cellular mechanisms contribute to the modulation of VMC activity? How does an increase of VMC activity by microstimulation during whisking affect ongoing whisking movements? How does a decrease of VMC activity by pharmacological blockade affect whisking movements?
a r t I C l e S
The vibrissa motor cortex (VMC, Fig. 1a ) is a cortical vibrissa representation originally identified by a variety of stimulation techniques [1] [2] [3] [4] [5] [6] [7] [8] . The huge size of this representation possibly reflects the great ecological relevance of vibrissa movements for rats 9, 10 . In contrast to classic studies on primate primary motor cortex (M1) activity 11, 12 , VMC activity is only weakly correlated with movement [13] [14] [15] [16] . It is not entirely clear why the correlation between whisker movement and VMC activity is weak, but we note that most of what we know about VMC activity during whisking comes from recordings in animals simply whisking in air [13] [14] [15] [16] . Studies on primate motor cortex have shown that, besides the musculotopic representation of body movements 12, 17, 18 , the motor cortex might also represent a map of ecologically relevant behaviors 19 . Information about VMC activity during self-initiated, ecologically relevant behaviors is still limited, and it remains unclear how VMC contributes to motor control during such behaviors. This prompted us to pose several questions about VMC function: How is the activity of the VMC 'output layers' 8 modulated when rats engage in various ecologically relevant whisking behaviors? What cellular mechanisms contribute to the modulation of VMC activity? How does an increase of VMC activity by microstimulation during whisking affect ongoing whisking movements? How does a decrease of VMC activity by pharmacological blockade affect whisking movements?
RESULTS

VMC activity decreases during various forms of vibrissal touch
We investigated VMC modulation by three self-initiated rat whisker behaviors ( Fig. 1b) : free whisking (explorative whisking bouts in air), object touch (whisking onto objects) and social touch (whisking onto conspecifics) 20 . All whisking behaviors were compared to rest (animal not whisking). Single-unit activity was recorded from VMC layer (L) 5 using tetrodes. With high-speed videography, we quantified the whisker set angle and whisking power during the various behaviors (Fig. 1c) . We found that during all whisking behaviors the whiskers were held at a more protracted set angle than at rest, on average by 19° ( Fig. 1d ; P = 6.94 × 10 −19 , one-way ANOVA, all P < 0.001; unpaired t-tests). By definition, during all whisking behaviors, the whisking power was higher than at rest (Fig. 1d) .
In Figure 1e , we show a raster plot and a peristimulus time histogram of an example L5 cell aligned to the beginning of free whisking. The peristimulus time histogram shows the predominant response pattern: a decrease in firing rate during free whisking. We observed a large variety of responses: some cells increased their firing, some were not modulated and some decreased their firing rate, but as a whole the population activity was significantly decreased during free whisking ( Fig. 1f ; median: 2.31 Hz, baseline; 2.05 Hz, free whisking; slope = 0.812, P = 0.0001, n = 158 cells; Mann-Whitney U-test).
We assessed the significance of firing-rate changes by a bootstrapping procedure and found that 80% of significantly modulated cells decreased their activity in free whisking (P = 0.000041, two-tailed binomial test for equal proportions). We restricted our analysis to cells with firing rates > 10 Hz to reduce the proportion of interneurons (Online Methods). In the small subset of cells with firing rates > 10 Hz (14% of cells) we found no significant rate changes (P = 0.84, MannWhitney U-test) and inclusion of high-firing-rate cells did not change the results. To quantify the modulation of single cells, we calculated a modulation index (Online Methods) and found that the most strongly modulated cells were the cells that decreased their firing rate ( Fig. 1f ; P = 0.0148, Mann-Whitney U-test). We wondered if the firing rate decrease would also be seen in more challenging forms of vibrissal touch. Neurons also decreased their firing rate for both object touch a r t I C l e S ( Fig. 1g,h ; median: 2.20 Hz, baseline; 1.65 Hz, touch; slope = 0.749, P = 0.023, n = 122 cells; Mann-Whitney U-test) and for social touch ( Fig. 1i,j ; median: 2.26 Hz, baseline; 1.87 Hz touch; slope = 0.806 P = 0.00018, n = 156 cells; Mann-Whitney U-test). Specifically, we observed a decrease in 88% of the cells significantly modulated by object touch (Fig. 1h) and in 78% of the cells significantly modulated by social touch ( Fig. 1j ; P = 0.00028, P = 0.0012, two-tailed binomial tests). As during free whisking, the most strongly modulated cells were the cells that decreased their firing rate ( Fig. 1h,j ; P = 0.0284, P = 0.0141, Mann-Whitney U-tests). ) is a large frontal area. Somatosensory (S1, white) and motor (colored) ratunculus shown above. (b) Sketches of four whisking patterns: rest (whiskers not moving), free whisking (self-initiated exploratory whisking in air), object touch (whisking onto objects) and social touch (social touch of a conspecific). (c) Experimental setup ('social gap paradigm') 20, 21 for recording VMC activity during social interactions in freely moving rats: a stimulus rat and an experimental rat with implanted tetrodes for recording are placed on two platforms (25 × 30 cm), separated by a gap. All experiments were performed in darkness, under infrared illumination and filmed with two cameras (cam). (d) Top: comparison of whisking set angle during rest and during free whisking, object touch and social touch (P = 2.25 × 10 −5 , P = 1.10 × 10 −13 , P = 9.94 × 10 −21 , t-tests, plot shows mean ± s.d.). Bottom: comparison of whisking power during rest and during free whisking, object touch and social touch (plot shows median ± 25% and 75% quartiles). (e) Peristimulus time histogram of activity of a L5 VMC neuron aligned to the onset of free whisking. A significant firing rate-decrease is observed (P < 0.001; bootstrapping test). (f) Top: scatterplot of the firing rate during rest vs. free whisking for VMC L5 cells (n = 158). Population activity is lower during free whisking (P = 0.0001, Wilcoxon signed-rank test; dark gray line indicates slope). Cells with significantly decreased activity during free whisking, red dots; cells with significantly increased activity during free whisking, blue dots; cells not significantly modulated, gray dots. Bottom: modulation index of significantly rate-increasing (n = 9) and rate-decreasing (n = 37) cells. Rate-decreasing cells are more strongly modulated (P = 0.0148, Mann-Whitney U-test). (g) Same as e for rest vs. object touch. (h) Same as f for rest vs. object touch. Population activity is lower during object touch (n = 122, P = 0.023, Wilcoxon signed-rank test; dark gray line indicates slope). Rate-decreasing (n = 21) cells are more strongly modulated than rate-increasing (n = 3) cells (P = 0.0284, Mann-Whitney U-test). (i) Same as e for rest vs. social touch. (j) Same as f for rest vs. social touch. Population activity is lower during social touch (n = 156, P = 0.0018, Wilcoxon signed-rank test; dark gray line indicates slope). Rate-decreasing (n = 28) cells are more strongly modulated than rate-increasing (n = 8) cells (P = 0.0141, Mann-Whitney U-test).
a r t I C l e S Cellular mechanisms of VMC suppression The transition from rest (retracted whiskers, no movement) to whisker behaviors (protracted whiskers, whisking) leads to a decrease of VMC activity. In cortical physiology, this is a highly unusual result. In the somatosensory system and the visual system, relevant stimuli lead to an increase in population activity. To explore the cellular basis of the decrease of VMC activity during whisking, we habituated rats to head-fixation and performed juxtacellular recording, nanostimulation and whole-cell recordings from VMC putative L5 neurons, the output layer 8 . We focused on social touch, an engaging stimulus 21 which strongly activates primary somatosensory cortex 20, 22 and medial prefrontal cortex 23 . During recordings, we staged facial interactions of the head-fixed rats by presenting stimulus rats in front of them (Fig. 2a) . In agreement with the recordings in freely moving rats, we found that VMC activity strongly decreased during social touch episodes. As shown in Figure 2b , the rat protracted its whiskers during nose-to-nose touch and a juxtacellularly recorded neuron discharged fewer action potentials than at baseline. Across the population of neurons, we found a significant decrease in spiking during social touch compared to baseline ( Fig. 2c ; median: 2.5 Hz, baseline; 2.0 Hz, social touch; P = 0.0079, n = 21 cells; Wilcoxon signed-rank test). To investigate whether the decrease in spiking was due to a decrease in cell excitability, we evoked action potentials in single L5 neurons at baseline and during social touch episodes, using a nanostimulation protocol ( Fig. 2d and Online Methods). Across the population, we found that L5 neurons were indeed much less excitable during social touch than during baseline ( Fig. 2e ; median evoked rate: 14.6 Hz, baseline; 4.8 Hz, social touch; P = 0.0125, n = 15; Wilcoxon signed-rank test). To investigate the underlying intracellular signals, we targeted whole-cell patch-clamp recordings to the deep layers of VMC during social touch (Fig. 2f) . In agreement with the reduced excitability, we found that the neurons were slightly but significantly more hyperpolarized during social touch than at baseline, on average by 1.5 mV ( Fig. 2g ; P = 0.0171, n = 10 cells, paired t-test). Some cells showed a reduction in the membrane potential coefficient of variation during social touch (for example, Fig. 2f ), but across the population there was no significant change (P = 0.85, n = 10 cells, paired t-test). Both the dampening of spiking evoked by juxtasomal nanostimulation and the observed hyperpolarization point to increased somatic inhibition in VMC during whisker movement.
Whisker protraction and social touch drive suppression of VMC Even though social touch is generally associated with whisker movement and whisker protraction (Fig. 1d) , there is large variability in the whisking between touch episodes [20] [21] [22] . We decided to exploit this fact to disentangle whether the suppression of VMC activity during social touch (Fig. 2b) was due to the nose-to-nose touch, the coincidental whisker protraction and increased whisking amplitude, or a combination thereof. To this end, we juxtacellularly recorded an additional set of cells during social touch episodes, and we now also simultaneously recorded and tracked the whisker angle of the contralateral whiskers using high-speed videography, using a robust method that captured most aspects of the whisker movements ( Supplementary Fig. 1a,b and Online Methods). We then used likelihood maximization to fit a Poisson model (with 1-ms bins) to the spike trains, in which the instantaneous firing rate depended linearly on nose-to-nose touch (a binary variable), the whisker angle and the whisking amplitude, represented by coefficients β Nose , β Angle and β Ampl (Fig. 3a,b and Online Methods). After recording, we labeled and recovered both Ctip2 + cells (putative thick-tufted pyramidal tract (PT-type) neurons 24 ; Fig. 3a,b) and Ctip2 − cells (putative thin-tufted intratelencephalic (IT-type) neurons; for example, Supplementary Fig. 1d,e) . Across all cells, we found that the cells were suppressed by both nose touch ( Fig. 3c ; median β Nose = −0.60, P = 0.0067, n = 32 cells; Wilcoxon signed-rank test) and by whisker protraction ( Fig. 3c ; median β Angle = −0.026 (°) −1 , P = 0.020, n = 32 cells; Wilcoxon signed-rank test). We did not find a a r t I C l e S systematic dependence on whisking amplitude across the population (median β Ampl = −0.026 (°) −1 , P = 0.20, n = 32 cells; Wilcoxon signedrank test). When we used a likelihood ratio test to select single cells that were significantly modulated by amplitude (at P < 0.05; Online Methods), the results were also mixed ( Supplementary Fig. 1c ) : 10 cells were significantly suppressed, 6 cells were significantly activated and 16 cells were not significantly modulated. However, we note that suppressed cells were more strongly modulated than the activated cells: (median |β Ampl | = 0.221 for suppressed cells and 0.128 for activated cells, P = 0.00025; Mann-Whitney U-test). In our subset of labeled cells, we did not find indications that PT-or IT-type cells had different response patterns; both cell types were generally suppressed by nose touch and whisker protraction (data not shown). To control for possible colinearity, we also fitted a model in which we performed stepwise orthogonalization of the predictor vectors nose-touch, angle and amplitude using the Gram-Schmidt algorithm. In this case, we found the same pattern: the β Nose and β Angle values were significantly negative (Supplementary Fig. 1f ; P = 0.0020, P = 0.039, Wilcoxon signed-rank test).
Since each cell is associated with an individual estimate of the baseline firing rate and dependence on nose touch and whisker protraction, we were able to evaluate the most likely models for all cells to Figure 2c , we found that the population activity was suppressed during nose touch ( Fig. 3d ; median: 1.69 Hz, baseline; 1.15 Hz, nose touch; P = 0.036, n = 32 cells; paired t-test), even in the absence of whisker protraction. Similarly, when we calculated the modulation index resulting from comparing rest to nose touch ( Fig. 3e ; median index: −0.29, P = 0.0067, n = 32 cells, Wilcoxon signed-rank test), comparing rest to 15° whisker protraction ( Fig. 3e ; median index: −0.19, P = 0.020, n = 32 cells; Wilcoxon signed-rank test) and from comparing rest to nose touch coinciding with 15° whisker protraction ( Fig. 3e ; median index: −0.40, P = 0.00041, n = 32 cells; Wilcoxon signed-rank test), we found that all conditions led to a suppression of population activity. We concluded that the suppression of activity during exploratory whisking in air and during social touch that we observed in behaving animals ( Figs. 1 and 2) likely resulted from suppression due to both nose touch and coincidental whisker protraction (Fig. 3c) .
Activation of VMC by microstimulation
In order to better understand the role of VMC activity in control of contralateral movement during ongoing whisking, we decided to test the effect of increasing VMC activity by intracortical microstimulation at a behavioral time scale in the range in which we observed modulation of VMC activity 19 . To this end, we unilaterally microstimulated VMC deep-layer cells during bouts of free whisking using 1-s stimulation pulse trains randomly preceded or followed by a 1-s break ('sham stimulation'; Fig. 4a and Online Methods). The dominant effect of such stimulation was the retraction of the contralateral whiskers ( Fig. 4b; 1.2° ± 0.7° per s vs. −2.4° ± 1.5° per s, sham versus stimulation, P = 0.0000245; paired t-test). We also observed a small increase in the contralateral whisking power during the stimulation pulses, suggesting that we induced extra backwards movement of the contralateral whiskers (11% increase, Fig. 4c ; 194(°) 2 ± 64(°) 2 versus 216(°) 2 ± 64(°) 2 , P = 0.0151; paired t-test). We wondered whether the extra induced retraction might be enough to influence social touch behavior, so we also performed a set of experiments in which we unilaterally microstimulated VMC deep layers during social touch episodes. When comparing the duration of social touch episodes from first to last whisker touch, we found that microstimulation significantly shortened the whisker touches (Supplementary Fig. 2 a r t I C l e S mixed-effects model), consistent with the finding that VMC activation induces whisker retraction to abort social touch.
Blockade of VMC
We wondered how whisking would be affected by VMC inactivation and therefore pharmacologically blocked VMC deep-layer activity unilaterally by injection of lidocaine. As shown in an example experiment before lidocaine injection, the rat's whiskers were positioned symmetrically (Fig. 5a) . After lidocaine injection, the whiskers were asymmetric and more protracted contralaterally (Fig. 5a) . Similarly, the rat whisked with equal whisking amplitude ipsilaterally and contralaterally before lidocaine injection (Fig. 5b) but with much larger amplitude on the contralateral side than on the ipsilateral side after blockade (Fig. 5b) . The same observations were made across a series of experiments. Injection of lidocaine solution ( Fig. 5c ; P = 0.0052, n = 10; paired t-test) but not of Ringer's solution (Fig. 5c) led to a significant increase in contralateral whisking power. Similarly, injection of lidocaine but not of Ringer's solution led to a protraction of the contralateral whiskers by an average of 21° ( Fig. 5d ; −7.0° ± 16.3° versus 14.2° ± 7.3°, P = 0.0012, n = 10; paired t-test). Injection of neither Ringer nor lidocaine had any effect on the set angle of the ipsilateral whiskers. When we unilaterally blocked excitatory currents in the VMC by superfusion of APV (an NMDA antagonist) and NBQX (an AMPA antagonist) in lightly anaesthetized rats (Supplementary Fig. 3 ; n = 3 rats) and when we blocked VMC activity by injection of muscimol (a GABA A agonist) in lightly anaesthetized mice (Supplementary Fig. 4 ; n = 4 mice), we saw the same effects: protraction of contralateral whiskers and increased contralateral whisker movements.
DISCUSSION Summary
Most work on the mammalian motor cortex has focused on a role of this cortical area in movement generation 11, 12 . It is therefore unexpected that our observations coherently indicated that a prime function of VMC activity might be to suppress behavior. When the rat engaged in whisker-related behavior (protracted whiskers, whisker movements), we saw a decrease in spiking activity in the VMC output layers (Figs. 1-3) . VMC microstimulation led to retractive movements, as if to abort behavior (Fig. 4) . VMC blockade disinhibited contralateral whisker movements and led to contralateral whisker protraction, as if to engage in behavior (Fig. 5) . Our observations are difficult to reconcile with the classic model, in which the prime role of VMC activity is whisker protraction and the generation of movement 7 . Instead our data support a model in which VMC activity suppresses whisker behavior, perhaps by gating a downstream whisking central-pattern generator 6, 14, 25, 26 .
Relation to previous VMC studies The whisker motor plant 27, 28 and vibrissa motor neurons 29 are laid out for the fine control of individual whisker protraction. This is in line with a prime function of vibrissal touch in palpation of objects, obstacles and conspecifics in front of the animal 9, 10 . In light of the specialization of the motor plant and motor neurons for whisker protraction, our observation that VMC deep layer microstimulation leads to whisker retraction is quite unexpected. However, This retraction result is in agreement with previous studies, which have all reported that VMC microstimulation [1] [2] [3] [4] [5] 30 , single-cell stimulation 6 and optogenetic stimulation 7 elicit whisker retraction, with few exceptions 3, 7 .
The retraction movements make it appear unlikely that an increase in VMC activity drives vibrissal touch (which is associated with whisker protraction; Fig. 1d) . Rather, it suggests that the role of VMC is to abort undesired whisking behavior. This idea is also supported by the unexpected increase in contralateral whisking following acute VMC blockade. Our observation that a reduction in motor cortex activity increases movement is consistent with observations on whisking patterns after VMC lesions: whisking persists after VMC ablation 9 and blockade 7, 31 , VMC ablation spares large-amplitude whisking but reduces small whisker movements 32 and unilateral VMC lesions increase contralateral whisking power 33 .
While the bulk of our data point to motor suppressive effects of VMC activity, some of our results also point to a role of VMC cells in movement generation. A small subset of VMC cells weakly increased their firing rate during movements (Figs. 1 and 2) . Furthermore, generalized linear modeling of VMC activity revealed that the relationship between VMC activity and whisking amplitude was mixed, with no obvious pattern (Fig. 3) . This is consistent with previous studies, which have reported both negative and positive correlations between activity of single VMC cells and whisking power [13] [14] [15] [16] . In contrast to previous studies, we observed an overall pattern in the modulation of VMC activity, perhaps because we used statistical modeling to analyze all spikes and relate them to naturalistic behavior (whisker angle, amplitude and social touch episodes), i.e., we did not only analyze whisking in air 13-16 and we did not exclude periods during which the amplitude was low 14 (breaks in whisking are also a part of natural whisking patterns). More generally, movement suppression and movement generation are probably inseparable aspects of motor control.
Is the functional output of VMC a decrease in spikes to downstream targets?
The output of VMC is thought to play two major roles: first, it is believed to control whisker movement, presumably by gating a downstream whisking central pattern generator in the brainstem (PT-type neurons) 14, 25, 26 ; second, it is believed to transmit an efferent, internal signal to sensory cortices so they can disentangle afferent sensory signals due to touch stimulation of the whiskers from sensory signals due to self-generated whisker movement (IT-type neurons) 10 . Previous investigations of the relationship between VMC activity and whisking have found that the overall modulation of VMC activity due to whisking is weak, although single cells exist for which the activity correlates both positively and negatively with the whisking amplitude [13] [14] [15] [16] and the whisker angle 14 . These single cells have previously been found in roughly equal proportions, and it has remained unclear what the prime 'functional' output of the VMC might be 14, 16 .
In neurophysiology we normally observe that cells respond to behavior with an increase of activity. This is the case in the somatosensory system and the visual system, and it has been proposed as a governing principle for cortical information processing. Thus, our observation that the functional response of VMC cells during various whisker behaviors is a decrease in spiking is highly unexpected. The whisker motor plant is laid out for controlled forward movement, yet we found that VMC activity decreased with whisker protraction (Fig. 1 and 3) . Social touch is a very engaging stimulus in which correct sensorimotor computation is of high ecological importance 21 , yet we saw a robust decrease in VMC activity and a decrease in VMC excitability during social touch episodes (Figs. 1-3 ). For comparison, previous studies have found that social touch very strongly activates primary somatosensory cortex 20, 22 and medial prefrontal cortex 23 . Cells in which the functional response is a hyperpolarization are rare but not unknown (for example, the photoreceptor of the mammalian eye), but our findings are very unusual for a primary cortical area.a r t I C l e S Movement-suppressive effects of motor cortex Motor effects of motor cortex lesions in rats are subtle, as many simple behaviors (for example, locomotion) persist after decortication 34 . Motor cortex lesions are associated with performance deficits in several movement related tasks, but at least some of these deficits are not primarily due to deficits in the generation of movement but to deficits in the control and suppression of movement 34 . For instance, rats can perform long sequences of skilled, learned motor behaviors after motor cortex ablation, but motor cortex is required for them to learn a task of behavioral inhibition (they must learn to postpone lever presses) 35 . When swimming, intact rats hold their forelimbs still and swim with only their hindlimbs. After forelimb motor cortex lesions, however, rats swim with their forelimbs also 36 . After learning a go/nogo whisker task, in which mice must lick to receive a water reward, motor cortex inactivation does not significantly decrease the licking at correct times, but massively increases the 'false alarm' licking rate (where licking should be suppressed) 31, 37 . Human patients with frontal lesions are notorious for their lack of behavioral control and do things they should not do 34 , just as rodents with lesions in motor cortex often perform movements that should rather be suppressed.
Motor-suppressive effects are impossible to detect in classic motor mapping experiments in lightly anaesthetized animals [1] [2] [3] [4] [5] [6] 8, 30 , but human patients report an inability to move as a prominent effect of intraoperative stimulation of motor cortex 18, 38, 39 . The existence of these negative motor areas in M1, where stimulation elicits an inhibition of movement, is a robust result, but even in humans there has historically been a strong bias toward the study of positive motor effects of M1 stimulation, and consequently the function of negative motor areas in the inhibitory control of movement is still poorly understood 39 . Furthermore, a complication is that negative motor area stimulation can elicit positive movements with an increasing stimulation current 38 and may as such simply be missed if only positive stimulation effects are evaluated 39 .
Is rat VMC different from primate motor cortex? Our observation that a decrease in VMC activity leads to whisker protraction is incompatible with a model in which VMC PT-type neurons synapse directly onto whisker motor neurons in the facial nucleus. Such a direct wiring pattern from motor cortex to motor neurons is famously present in primate hand motor cortex 40 , where overwhelming evidence suggests that, in contrast to our observations of rat VMC, activity mainly correlates positively with movement 11, 12 . Indeed, there is only a very sparse direct projection from VMC to the whisker motor neurons 41 , with the vast majority of VMC PT-type neurons targeting brainstem interneurons 42 .
It is worth noting that even in primates the predominant wiring pattern of corticobulbar and corticospinal projections from M1 is to brainstem and spinal interneurons 40 . The monosynaptic projections from M1 to motor neurons innervating distal limb muscles is an exception that evolved in primates in parallel with the evolution of skilled digit movements 40 . Spike-triggered averaging techniques used in monkeys have all shown that M1 neuron spikes can predict both muscle electromyography peaks and troughs, which suggests that M1 neurons commonly have suppressive effects on motorneuronal pools 12, 43, 44 . Recent single-cell recordings in monkeys have shown that in primates, some M1 cells do correlate negatively with movement: both premotor neurons 45 and indeed M1 (ref. 46 ) and M1 pyramidal tract neurons 47, 48 respond with mirror neuron activity to the observation of actions, even when the monkey is not moving, a kind of 'monkey see, monkey not do' response 49 . Similarly, although some muscle weakness is a symptom in patients with M1 or pyramidal tract lesions, the prominent symptoms are ataxia (loss of control over movements), spasticity, clonus and hyperexcitability of reflexes 50 . Spastic paralysis can be managed by high doses of muscle relaxants to reduce the output from the spinal cord or by sectioning the dorsal roots, suggesting that it represents an abnormal increase in muscular input from the spinal cord due to a net loss of descending inhibition from M1 (ref. 50) .
CONCLUSIONS
Action suppression is vital for behavior, and numerous studies point to a frontal cortical location of this important cognitive capacity 34 . Our observations suggest that the classic work on the role of motor cortex in movement generation should be complemented by a more extensive investigation of motor suppressive functions of motor cortices.
METhODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper.
Note: Any Supplementary Information and Source Data files are available in the online version of the paper.
ONLINE METhODS
Animal welfare. All experimental procedures were performed according to German animal welfare law under the supervision of local ethics committees (Landesamt für Gesundheit und Soziales Berlin). Rats (Wistar) and mice (C57BL/6) were purchased from Janvier Labs (Le Genest-Saint-Isle, France). Stimulus animals were housed socially in same-sex cages, and after surgery implanted animals were housed in single animal cages. All animals were kept on a 12-h:12-h reversed light/dark cycle and all experiments were performed in the animals' dark phase. Rats had ad libitum access to food and water.
whisking behavior. Behavioral experiments were done using the social gap paradigm 20, 21, 51 (Fig. 1b) . The experimental paradigm consists of two elevated platforms, each 30 cm long and 25 cm wide, surrounded by walls on three sides and positioned approximately 20 cm apart. The distance between platforms was varied slightly depending on the size of the rats. The platforms and platform walls were covered with soft black foam mats to provide a dark, nonreflective background and to reduce mechanical artifacts in tetrode recordings. All experiments were performed in darkness or in dim light, and behavior was recorded from above under infrared light. The implanted rat was placed on one platform, and on the other platform we presented either various objects or other rats. The implanted rats were not trained, merely habituated to the setup and room and spontaneously engaged in investigation of the objects or social interactions.
The rat behavior was recorded at low speed from above with a 25-Hz digital camera, synchronized to the electrophysiological data acquisition using TTL pulses to trigger each frame. Additional 250-Hz high-speed recordings were performed when the rats were freely whisking over the gap, socially interacting or investigating objects. Typically, recording sessions were performed in four to eight 15-min blocks, during which we would present either objects or conspecifics (of both sexes) in each block, randomly. The video frames of the 25-Hz videos were labeled in four categories: 'free whisking' (animal freely whisking into air), 'object touch' (animal touching an object with its nose), 'social touch' (animal touching a conspecific nose-to-nose) and 'rest' (animal not whisking). Videos were labeled blind to the spike data.
In our assessment of the whisker set angle and whisker power during the various whisker behaviors, we included a large data set of already-tracked whisker traces, some of which have previously been published by Bobrov et al. 20 and Rao et al. 51 .
To quantify the whisking behavior, the whisker traces were tracked from the 250-Hz video frames, as previously described 20, 21, 51 . We bandpass-filtered the raw tracked whisker trace to remove jitter due to the tracking using a secondorder Butterworth filter from 0.25 to 12.5 Hz). Whisking power was calculated from a spectrogram constructed by z a Stockwell transform 52 from 0-20 Hz (frequency steps of 0.1 Hz), and by integrating the absolute value of the power spectral density in the 0-20 Hz band over time to calculate an average power. The set angle was estimated by calculating the average angle of the whisker trace. tetrode recordings. In tetrode recording experiments, we used postnatal day (P) 60 Wistar rats (3 male, 2 female), which were handled for 2-3 d before being implanted with a tetrode microdrive over the VMC. Surgery was done as previously described 20 . The implanted microdrive had eight separately movable tetrodes driven by screw microdrives (Harlan 8-drive; Neuralynx, Bozeman, MT, USA). The tetrodes were twisted from 12.5 µm diameter nichrome wire coated with polyimide (California Fine Wire Company), cut, examined for quality using light microscopy and gold-plated to a resistance of ~300 kOhm in gold-plating solution using an automatic plating protocol (nanoZ, Neuralynx). For tetrode recordings, a craniotomy of 1 × 2 mm was made 0.75-2.75 mm anterior and 1-2 mm lateral to bregma, corresponding to the coordinates of VMC 5 . Steel screws for stability and two gold screws for grounding the headstage PCB were drilled and inserted into the skull, and the gold screws were soldered and connected to the headstage PCB using silver wire. After fixation of all screws, the dura was removed, the implant fixated in the craniotomy, the craniotomy sealed with 0.5% agarose and the tetrode drive fixed in place with dental cement (Heraeus). The tetrodes were arranged in a 2-by-4 grid (d ≈ 500 µm). Neural signals were recorded through a unity-gain headstage preamp and transmitted via a soft tether cable to a digital amplifier and A/D converter (Digital Lynx SX; Neuralynx) at 32 kHz. We filtered the signal between 600 Hz and 6 kHz and detected spikes by crossing of a threshold (typically ~50 µV) and saved each spike (23 samples; 250 µs before voltage peak and 750 µs after voltage peak). At the end of the experiment, animals were again anaesthetized with a mix of ketamine and xylazine, and the single tetrode tracks were labeled using small electrolytic lesions made by injecting current through the tetrode wire (10 µA for 10 s, tip-negative DC). After lesioning, animals were killed for histological analysis via perfusion with phosphate buffer followed by a 4% paraformaldehyde solution (PFA). Brains were stored overnight in 4% PFA before preparing 150-µm coronal sections. Sections were stained with cytochrome oxidase to reveal the areal and laminar location of tetrode recording sites, which could be calculated from the location of tetrode tracks and lesions. We only analyzed data from recording sites where the lesion pattern could unambiguously identify the tetrode and the recording sites.
All spike analysis was done in Matlab (MathWorks, Natick, MA, USA). Spikes were preclustered offline on the basis of their amplitude and principal components by means of a semiautomatic clustering algorithm (KlustaKwik by K.D. Harris, Rutgers University). After preclustering, the cluster quality was assessed and the clustering refined manually using MClust (A.D. Redish, University of Minnesota). The spike features used for clustering were energy and the first principle component of the waveform. To be included in the analysis as a single unit, clusters had to fulfill the following criteria: the L-ratio, a measure of distance between clusters 53 , has to be less than 0.5; and the histogram of interspike intervals (ISIs) had to have a shape indicating the presence of single units-for example, a refractory time of 1-2 ms-or the appearance of a bursty cell (many short ISIs). Multiunit clusters were not included in the analysis.
Since we wanted to investigate the contribution of VMC to motor control, we were interested in the spiking activity of the pyramidal projection neurons in L5 8 . Due to the different morphology and ion channel populations in the cell membrane, interneurons and pyramidal cells can sometimes be separated based on the shape of the extracellular spike waveform 54 . We tried various combinations of spike shape parameters, such as spike-width, peak-to-trough time and shape of post-hyperpolarization, but none yielded convincingly bimodal distributions that allowed separation of cells into normally spiking putative pyramids and fast-spiking putative interneurons (data not shown). This may relate to the fact that motor cortex projection neurons actually have exceedingly narrow spikes 55 . Since separation by spike shape was not feasible, we instead reduced the proportion of fast-spiking interneurons in our sample by simply excluding cells with very high firing rates (mean rate during whole recording session > 10 Hz) from the analysis.
To assess whether single cells were significantly modulated by whisker behaviors, we used a bootstrapping method. First, we calculated a modulation index Index behavior baseline behavior baseline
where R behavior and R baseline are the average firing rate at baseline and during behavior (for example, during social touch), respectively. We avoided bias in our bootstrapping procedure by having a balanced baseline design, in which the baseline was defined as segments of time equal to the lengths of time of the nose-to-nose touches, ending just before the beginning of nose-to-nose touches.
We generated a distribution of 10,000 bootstrapped dummy modulation indices by preserving the lengths of the nose-to-nose touches but randomly placing the start times within the recordings. If the real modulation index was below the 2.5th or above the 97.5th percentile of the bootstrapped dummy indices (i.e., a two-tailed test at α = 0.05), the cell was taken to be significantly modulated.
After having assessed that a cell was significantly modulated, we compared significantly modulated cells to the Rest condition. Here we calculated a similar modulation index:
Modulation index behavior rest behavior rest
where R behavior and R rest are the average firing rates during behavior and rest, respectively. The response index is symmetric and can take on values between −1 (cell only spikes at Rest) and +1 (cell only spikes during behavior). To compare the modulation strength of suppressed and disinhibited cells, we compared the absolute value of this response index.
Juxtacellular and whole-cell recordings. In juxtacellular recording experiments, we used male and female rats between P30 and P40. Whole-cell patch-clamp recordings were made in younger animals, aged between P25-P30 at the day of the final experiments. Rats were handled for 2-3 d before being implanted with a head-fixation post and were habituated to the restraint until the rat was comfortable with head-fixation for 60 min, as previously described 22 . After habituation a second surgery was performed, during which a craniotomy was drilled over the VMC (1.5 mm anterior, 1.5 mm lateral from bregma) and a recording chamber was implanted. In the case of patch-clamp recordings the dura was removed using a bent syringe. The preparation was covered with silicone (Kwik-Cast, World Precision Instruments). After the second surgery, the animals recovered for at least half a day before recording sessions started. Juxtacellular and whole-cell patch-clamp recordings were made using glass electrodes made of borosilicate glass tubes (Hilgenberg) pulled to have a resistance of 4 to 7 MΩ. For whole-cell recording, pipettes were lowered into the cortex with positive pressure (200-300 bar). For whole-cell recordings and for the juxtacellular experiments shown in Figure 2 , the pipettes were filled with intracellular solution of 135 mM K-gluconate, 10 mM HEPES, 10 mM Na 2 -phosphocreatine, 4 mM KCl, 4 mM MgATP and 0.3 mM Na 3 GTP (pH 7.2). After the pipette reached 150-200 µm below the surface the following steps were taken, depending on the recording type. For juxtacellular recordings a search-current step was applied and the pipette was lowered stepwise through the cortex (step size: 3 µm) until a cell could be detected by excitability (as previously described 56 ). For patch-clamp recordings, the positive pressure in the pipette was lowered to 30 bars to search for cells and the pipette was lowered with a step size of 3 µm through the cortex. When the pipette resistance increased, suction was applied to establish a giga-ohm seal and achieve the whole-cell configuration. The recorded signal was amplified by a patch-clamp amplifier (Dagan) and sampled at 25 kHz by a Power1401 data acquisition interface under the control of Spike2 software (CED). All head-fixed recording and stimulation experiments were performed at a depth reading of 1,423 ± 512 µm (mean ± s.d.) from the pia, corresponding to putative L5 of VMC. We did not record fast-spiking putative interneurons, and only regular-spiking putative pyramidal neurons were included in the analysis.
For juxtacellular recordings shown in Figure 3 , the pipette was filled with Ringer's solution and 1-1.5% biocytin or Neurobiotin (VectorLabs) with pH = 7.2 (adjusted by adding NaOH) and final osmolality ~290 mmol/kg. After experiments, the recorded neuron was labeled by a Pinault protocol 57 . The rat was killed, the brain was sectioned coronally (in 60 µm sections) and the labeled cell was visualized by staining with streptavidin conjugated to Alexa Fluor 488 (Life Technologies, 1:1,000) as previously described 58 . Ctip2 + (putative PT-type cells) 24 were labeled by an anti-Ctip2 antibody (Abcam 25B6, ab18465, 1:1,000) visualized by staining with Alexa Fluor 546 (1:1,000) as described by Sürlemli et al. 59 .
During head-fixed recording sessions, stimulus rats, hand held by the experimenter, were presented in front of the head-fixed rat the rats were allowed to socially interact 22 (Fig. 2a) . To monitor social interactions, 25-Hz and 250-Hz digital video synchronized to the electrophysiology data was recorded from above by triggering frames and recording from a Spike2 script. Whisker movements were tracked from the 250-Hz videos using custom written computer software for whisker tracking (by Viktor Bahr, BCCN Berlin, adapted from Clack et al. 60 ). Behavioral events (beginning and end of nose touches) were labeled in the 25-Hz videos. All video analysis was performed blind to the electrophysiology data.
To estimate the firing rate change during social touch in the head-fixed animals, we computed the average firing rate during 1 s preceding the start of the social touch (beginning of nose-to-nose touch), this we used as a baseline firing rate. Firing rates during social touch were computed by averaging the firing rate in a 1-s response window after the onset of nose-to-nose touch. In this analysis, we included both juxtacellularly recorded cells and spiking patched cells. To estimate the change in cell excitability, we calculated the average firing rate from juxtacellularly nanostimulated cells during positive stimulation pulses (typically ~2 nA, adjusted per cell) when the rat was not engaging in social touch (the baseline). This we compared to the average firing rate during stimulation pulses that happened during a social touch episode (i.e., while the rats were touching nose-to-nose). To estimate the hyperpolarization of the patched cells during social touch episodes, we clipped the spikes from the membrane potential and compared the average membrane potential during social touch episodes to the average membrane potential during 1 s preceding the start of the social touch (the baseline).
Automatic whisker tracking in socially interacting head-fixed animals. We used a correlation-based algorithm to automatically track the whisking during juxtacellular recordings in head-fixed rats: we filmed the rats from above using a high-speed camera (250 frames/s; Fig. 1b) . For each tracked video, we manually clicked a pivot point on the center of the whisker pad and drew a tracking region of interest (ROI) around the whiskers contralateral to the recording craniotomy (Supplementary Fig. 1a) . To estimate the change in mean whisker angle (∆Angle) between two adjacent video frames, we calculated the correlation between the two frames within the tracking ROI (Pearson's ρ calculated between the greyscale values of the pixels) and rotated the previous frame around the pivot point (with nearest-neighbor interpolation), so that the correlation was maximized. This method was very robust, since it considers many whiskers simultaneously, and also worked during nose-to-nose touch episodes, in which a few whiskers of the stimulus rat might enter the tracking ROI ( Supplementary  Fig. 1b) . Artifacts from badly tracked video frames were detected as sudden spikes in the correlation (Supplementary Fig. 1b ) and the corresponding estimated values of ∆Angle were removed (by a threshold; we used ρ > 0.03). To estimate the mean whisker angle (' Angle' , Supplementary Fig. 1b, bottom) , we linearly interpolated, numerically integrated and bandpass-filtered ∆Angle. For filtering, we used a bandpass IIR filter from 5-15 Hz in Matlab to remove low-frequency drift stemming from the discrete integration. Since our tracking method considers all whiskers within the whisking ROI, our calculated whisker angle should be thought of as the mean deviation from the mean set angle of the whiskers, i.e., Angle = 10° corresponds to a mean-field, net 10° whisker protraction, not an absolute whisker angle of 10°. maximum likelihood modeling. We used maximum likelihood modeling to estimate the dependence of VMC activity on the three covariates (nose-to-nose touch, whisker angle and whisking amplitude) by fitting a Poisson model to the spike trains 61 . First, we binned the spike train in 1-ms bins. We assumed that the discharge of spikes within each time bin is generated by a homogenous Poisson point process, so that the probability of observing y spikes in a time bin is p y y
where ∆ = 1 ms is the width of the time bin and λ > 0 s −1 is the expected discharge rate of the cell. If we assume that each time bin is independent, the probability of the entire spike train, y is:
where y i and l i are the observed number of spikes and the expected discharge rate in the ith time bin, respectively. If we model the expected discharge rate, l , so that it depends on some parameters, b , we have the log-likelihood function
We model l so that it depends on the spike history and linearly on a 1-ms interpolated vector indicating nose touch, Nose (either 0 or 1), a vector of the whisker angle, Angle , and a vector of the whisking amplitude, Ampl (calculated by quadratically splining the local maxima of the rectified whisker angle). Due to the refractory period of the cell, it is not correct to assume that all time bins are statistically independent, so following MacDonald et al. 61 , we also include 11 spike history parameters, h 1 …h 11 , to model the interspike interval distribution of the cell. The spike history term is binned to 11 successive bins, five 1-ms bins (vectors n n For each cell, we fit the model by adjusting the parameters β 0 , β Angle , β Angle , β Angle and h 1 … h 11 to maximize the log-likelihood function (using 'fminunc' in Matlab).
Since we did not find a dependence of the population activity on whisking amplitude, we also fitted a reduced model to the spike train that does not depend on the whisking amplitude: 
follows a χ 2 distribution with one degree of freedom (ν = 1). The P-value of the increase in likelihood due to including whisking amplitude in the model can thus be evaluated using the 'chi2cdf ' function in Matlab. We classified cells with P < 0.05 as significantly modulated (Supplementary Fig. 1c ).
Intracortical microstimulation. Animals were surgically prepared and habituated to head-fixation as described above. The microstimulation 62 was done with 0.3-ms, 50-µA unipolar negative-tip current pulses at 100 Hz through a tungsten microelectrode in deep layers (putative L5) of the VMC (depth = 1,500 µm from the dura). Current pulses were delivered from a stimulus isolator (World Precision Instruments, Sarasota, USA), gated by TTL pulses sent from a CED Power1401 by protocols written in Spike2 (Cambridge Electronic Design, Cambridge, UK). The stimulation paradigm was blocks of 1-s long stimulation trains interspersed with 1-s long pauses in stimulation ('sham stimulation'). We observed the rats and performed the microstimulation protocol while the rats were whisking. A random number generator ensured that the stimulation would start with either stimulation or with sham stimulation, so as not to bias the experiment. Synchronized 250-Hz digital high-speed video was recorded by triggering frames and recording from a Spike2 script. Whisker movements were tracked using custom written computer software for whisker tracking (by Viktor Bahr, adapted from Clack et al. 60 ). Whisker tracking was done blind to the timing of stimulation and sham stimulation. To quantify changes in whisking power due to microstimulation, we filtered the traces to remove jitter and calculated the whisking power as described above. To quantify changes in whisker set angle during the 1-s stimulation periods and 1-s sham periods, we fitted straight lines to the whisker trace during each 1-s period. We took the slope of these straight lines to be a measure of the average change of whisker set angle per time (°/s) and averaged across these slopes for each experimental session.
For microstimulation in awake, socially interacting rats in the social gap paradigm, we used the same microstimulation train as in head-fixed animals, but the microstimulation was applied to deep layer VMC through the tetrode wires implanted for recording (see above). Stimulation sites were confirmed post hoc by histology. In these experiments, the stimulation was triggered by the experimenter (who was watching the infrared video) whenever the rats started socially interacting. The duration of social touch was quantified from the 25 frames/s video from the first to last whisker touch of the implanted rat. Since we had a varying number of data points per rat (depending on the number of days in which the stimulation sites were found to be in VMC L5), we compared the differences between median social interaction durations between the stimulated and sham stimulated days by fitting a linear mixed effects model (LME model), assuming a Gaussian error distribution, with a random rat-specific intercept ('Length ~isStim + (1|rat)') to account for mean differences among rats 63 .
Vmc blockade in awake rats. Animals were surgically prepared and habituated to head-fixation as described above. Borosilicate injection pipettes (Hirschmann Laborgeräte, Eberstadt, Germany) were pulled to a sharp tip and backfilled with Ringer's solution or a 2% lidocaine solution 64 (Bela-Pharm, Vechta, Germany). We slowly pressure-injected 250 nL lidocaine into deep layers (putative L5) of the VMC (depth = 1,500 µm from the dura) at two injection sites: 1.75 mm anterior, 1.5 mm lateral to bregma and 1.25 mm anterior, 1.5 mm lateral to bregma, ~2-5 min per injection. Based on measurements of the spatial spread of injection of 2% lidocaine in cortex 64 , we estimate that the injection of 250 nL lidocaine inactivated an area around the injection site defined by a sphere with a radius of 390 µm (which is given simply by the volume equation of the sphere 64 V R We recorded 250-Hz digital video by triggering frames and recording from a Spike2 script and the whisker movements were tracked using custom written computer software for whisker tracking (by Viktor Bahr, adapted from Clack et al. 60 ). Whisking was filmed just following the lidocaine injections, i.e., in the few minutes range during which the inactivation by 2% lidocaine injection is largest and before the cell activity recovers (which happens slowly in the 10-40 min after injection 64 . Whisker tracking was done blind to the injected solution (Ringer's or lidocaine).
The whisker trace was filtered, and whisking power and whisker set angle were calculated as described above. The ratio of the contralateral whisking power to the ipsilateral whisking power was found to be log-normally distributed (assessed with a Lilliefors test), so we performed log-normal t-tests to assess statistical significance of the ratios.
Vmc blockade in anaesthetized rats. Rats were anaesthetized and prepared for head-fixation as described above. A square craniotomy was microdrilled above VMC, 0.5-4.5 mm anterior from bregma and 0.5-2.0 mm lateral from bregma. After dura removal, VMC was superfused with 30 µL blocking solution composed of 500 µL 1 mM APV (in 0.1 M PBS), 50 µL 100 µM NBQX (in 0.1 M PBS) and 500 µL Ringer's solution. After superfusion of VMC with the blocking solution, the rat was intraperitoneally injected with acepromazine (2 mg/kg). The animal was observed until anesthesia was light and whisker micromovements were observed (typically ~60 min after the first ketamine/xylazine dose). Light anesthesia was maintained by additional alternating doses of 5% of the initial dose in ketamine/xylazine amount or 5% of the corresponding ketamine dose alone, respectively. As soon as whisker movements were observed, 250-Hz high-speed videos of the whiskers were recorded at 10 min intervals until 160 min after blocking. In one rat, the time course of the blocking of excitatory transmission in VMC was monitored with a field electrode, and found to be extinguished in deeper cortical layers of VMC at ~100 min post blocking. Whisker movements were tracked from the 250-Hz video and analyzed as described above.
Vmc blockade in lightly anaesthetized mice. Mice were anaesthetized and prepared for head-fixation as described above, but given 100 mg/kg ketamine and 15 mg/kg xylazine. A square craniotomy was microdrilled above one hemisphere centered on VMC, 0.8 mm anterior from bregma and 1.0 mm lateral. The mice were supplemented with 0.01 mL acepromazine (2 mg/kg) and a head-fixation post was applied to the skull with cyanoacrylate glue. The mice were head-fixed and kept at body temperature with a heating pad. We waited until the anesthesia became light and we saw whisker movements begin to emerge. Then VMC activity was blocked by injection of 25 mM muscimol (a GABA A receptor agonist; Sigma-Aldrich) suspended in Ringer's solution at 10 nL/min (ref. 31) using a QSI stereotactic injector (Stoelting). In two mice, we only blocked deep VMC, by an injection of 50 nL muscimol solution 900 µm below the dura. In another two mice, we blocked both superficial and deep VMC by injecting 100 nL muscimol solution at 900 µm and another 50 nL muscimol solution at 500 µm. Injection pipettes (Drummond 5 µL) were labeled with DiI and the injection sites were
